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In animal cells the mobilization and storage of reserve fuels, notably glycogen and fat, are acutely regulated by hormones whose actions are mediated by adenosine 3':5'-cyclic monophosphate (cAMP) (1) . The mechanisms by which glycogenolysis, glycogenesis, and lipolysis are modulated via cAMPdependent protein kinases have now been largely clarified (1, 2) . In contrast, the short-term hormonal control of lipogenesis is poorly understood. Although glucagon and cAMP are known to suppress fatty acid synthesis in certain tissues-e.g., liver (3-5)-neither the mechanism nor the site of inhibition by these agents has been elucidated.t
It is generally agreed (6) that acetyl-CoA carboxylase [acetyl-CoA:carbon-dioxide ligase (ADP-forming), EC 6.4.1.21, which catalyzes the first committed step of fatty acid synthesis, is a key regulatory enzyme in this pathway. Investigations in this laboratory have shown (10) (11) (12) that the homogeneous carboxylases from both liver and adipose tissue exist in either a catalytically inactive protomeric state or an active polymeric filamentous form. Citrate, the allosteric activator of this enzyme, is required for both catalysis and polymerization (13) . Thus, it has been proposed (6, 13) (6) . These studies suffer the serious limitation that citrate concentrations were determined for the whole tissue rather than for the extramitochondrial compartment where fatty acid synthesis is localized. Evidence presented in this paper reveals that cAMP exerts its inhibitory effect on fatty acid synthesis by drastically decreasing the cytoplasmic citrate concentration. The close correlation between the cytoplasmic concentration of citrate and the rate of fatty acid synthesis strongly supports the postulated role of citrate as a "feed-forward" activator of acetyl-CoA carboxylase.
MATERIALS AND METHODS Cholera enterotoxin was obtained from Schwarz/Mann. Bovine insulin and porcine glucagon were gifts of Dr. Walter N. Shaw, Eli Lilly and Co. Basal medium (Eagle) (lOX) with Earle's salts and without L-glutamine and NaHCO3 (BME) was obtained from Grand Island Biological Co.
Hepatocyte Isolation, Culture, and Incubation. White Leghorn chickens (10-15 days old; mixed sex) were fed a high-carbohydrate, low-fat diet ad lib. for at least 48 hr prior to sacrifice. Hepatocytes were prepared by external digestion with collagenase (14) . Monolayer cultures [3 X 106 cells per 35-mm cell culture dish in BME supplemented with NaHCO3, penicillin, streptomycin, glucose (final concentration, 25 mM), 5% rooster serum, and amino acids] were incubated at 370 under 90% air/10% CO2 as previously described (14) . Hepatocyte suspensions [5 to 10 X 107 cells in 2-3 ml of Eagle's basal medium with 0.22% NaHCO3 and without amino acids and phenol red, supplemented with glucose (final concentration, 25 mM)] were incubated under 90% air/10% CO2 in a gyratory bath at 37°. Concentrations of hormones and effectors, when used, were as follows: insulin and glucagon, 5 ,ug/ml of medium; cholera toxin, 1 ,g/ml; N6,02-dibutyryl cAMP (Bt2cAMP), butyrate, and cAMP, 0.1 mM; and pyruvate, 5 mM.
Fatty Acid and Cholesterol Synthesis. Liver cell monolayers or suspensions were incubated with 5 mM Na [1-14C]acetate (0.2 ,uCi/,mol) or 3H20 (1 mCi/ml of medium). After saponification, cholesterol was extracted and isolated as the digitonide; fatty acids were extracted with petroleum ether following acidification (14) .
Acylglyceride Synthesis. Liver cell monolayers were incubated with 5 on silica gel thin-layer plates (solvent system: 1,2-dichloroethane/glacial acetic acid, 100:1, vol/vol) and radioactivity was counted (14) . Measurement of Cellular, Mitochondrial, and Cytoplasmic Citrate Levels. To measure total cellular citrate levels, cell suspensions were quenched with cold 6% HC104, and centrifuged; the supernate was neutralized with KOH. Under these conditions, less than 5% of the citrate contained in cell suspensions is extracellular. Mitochondria and cytoplasm were rapidly separated by a modification of the digitonin disruption-rapid stop technique (15, 16) . Cell suspensions were mixed with cold digitonin-containing buffer such that the final concentrations were: sucrose, 0.25 M; potassium morpholinopropane sulfonate, 17 mM (pH 7.0); EDTA, 2.5 mM; hemimellitic acid (benzene-1,2,3-tricarboxylic acid), 8 .4 mM; digitonin, 0.8 mg/ml; hexokinase, 0.1 mg/ml; glucose, 18.5 mM. This mixture was incubated for 80-90 sec at 4°and then the mitochondria were centrifuged for 1 mMi through a layer of dibutyl phthalate into 20% HC104 in a Beckman Microfuge B. The upper layer ("cytoplasm") was quenched immediately with 6% HCI04 and then both fractions were neutralized. Citrate was determined fluorimetrically (17) .
Enzyme Assays. To assay acetyl-CoA carboxylase, cells were homogenized in 2 mM potassium phosphate, pH 7.0/0.5 mM EDTA/15 mM toluene sulfonyl fluoride with a Dounce homogenizer. The composition of the homogenate was immediately changed to 50 mM potassium phosphate, pH 7.0/0.5 mM EDTA/1.0 mM dithiothreitol/10 mM toluene sulfonyl fluoride/50 mM NaF/5 mM potassium citrate. After a 1-min spin in a Beckman Microfuge, the supernate was assayed immediately by the method of Gregolin et al. (10) (14) maintain in vivo rates of fatty acid synthesist for 5-6 days. Although 20-30% of the newly synthesized fatty acid is secreted into the medium as triglyceride in very low density lipoprotein (14) , the greatest amount accumulated in the form of cytoplasmic triglyceride-rich vesicles (Fig. 1B and D) . Staining with Oil Red EGN revealed that the vesicles had a lipid core; a bilayered membrane surrounding the lipid was evident in electron micrographs (Fig. 1C) . Labeling experiments with [1-14C] acetate showed the lipid content of isolated vesicles to be primarily (>90%) triglyceride with small amounts of phospholipid and cholesterol. The lipid components of the vesicles appeared to arise exclusively via de novo synthetic processes because their formation was not diminished by culturing the liver cells in lipid-free medium.
The addition of glucagon dramatically curtailed the formation of triglyceride-rich vesicles (Fig. 1A) ; Bt2cAMP had the same effect (not illustrated). Both of these agents appeared to block vesicle formation, rather than to accelerate vesicle * In the context of this paper, fatty acids refer to free fatty acids plus saponifiable glyceride acyl groups. Fig. 2A) . This can be attributed to the slower rate of entry of cAMP into animal cells as compared to its dibutyryl derivative (23) . Cholera toxin also inhibited fatty acid synthesis from [14C]acetate (Fig. 2B ), but only after a lag of about 1 hr; a similar delay in the action of cholera toxin is observed in other cell systems (22) . Procedures and data presentation as in Table 1 .
Both fatty acid and cholesterol synthesis draw upon the same cytoplasmic acetyl-CoA precursor pool (Fig. 3) The fact that the pathway between acetyl-CoA and fatty acid is blocked by glucagon implicates the acetyl-CoA carboxylaseor fatty acid synthetase-catalyzed reaction as possible targets of cAMP action. Some reports (7) (8) (9) 24) , as yet unconfirmedt suggest that both the carboxylase and sypthetase may be regulated through a phosphorylation-dephosphorylation mecha- Because citrate is a required activator of the avian liver acetyl-CoA carboxylase (6, 10-13), the possibility was considered that inhibition of fatty acid synthesis might result from a cAMP-mediated decrease in cellular citrate concentration. This would be consistent with the finding that glucagon blocks [14C]acetate incorporation into fatty acids without significantly affecting [14C]acetate incorporation into cholesterol ( Table 2 ).
As illustrated in Table 4 , glucagon or Bt2cAMP treatment of liver cell suspensions in a medium containing glucose as the sole carbon source decreased cellular citrate concentration and fatty acid synthetic rate to about the same extent; butyrate had no effect (data not shown). The addition of pyruvate, which markedly increased cellular citrate levels, caused a corresponding increase in the rate of incorporation of [14C]acetate into fatty acids. Moreover, in the presence of pyruvate, the inhibitory effect of glucagon or Bt2cAMP on fatty acid synthesis was largely prevented, as was the effect of these agents in decreasing cellular citrate concentration. Lactate had an effect similar to that of pyruvate (data not shown).
To assess the dependence of fatty acid synthesis on citrate level, the (Fig. 4B) . Thus, it appears that the rate of fatty acid synthesis from acetyl-CoA depends onl cellular citrate concentration. Because de novo fatty acid synthesis is strictly a cytoplasmic process (6) , it was necessary to determine whether the citrate concentration in this cell compartment and fatty acid synthetic rate are similarly affected by glucagon and Bt2cAMP. Preliminary experiments with conventional cell fractionation techniques yielded poor recoveries of this metabolically labile intermediate. Therefore, a modification of the digitonin disruption-rapid stop technique (15, 16) was used. Cells were incubated and then exposed briefly to 0.08% (wt/vol) digitonin, which disrupts the plasma and outer mitochondrial membranes and leaves the inner mitochondrial membrane intact. Hemimellitic acid (an inhibitor of mitochondrial citrate transport) and an ATP-trapping system (hexokinase and glucose) to block cytoplasmic ATP-citrate lyase also were present during the cell lysis. § Mitochondria, and other particulate components were then rapidly sedimented (<20 sec) through a layer of dibutyl phthalate into 20% HClO4, after which the supernate ("cytoplasm") was immediately quenched with HClO4. Under these conditions but without perchloric acid, 92% of the mitochondrial marker, citrate synthase, was recovered in the pellet and 92% of the cytoplasmic marker, lactate dehydrogenase, was in the supernate. Moreover, the recovery of citrate in the mitochondrial and cytoplasmic fractions equals that from cells § Within 10-20 sec, intracellular components become exposed to the hemimellitic acid and the ATP-trapping system; under these conditions, cytoplasmic citrate levels were found to remain constant for at least 5 min. quenched immediately with HC104. After a 1-hr incubation of the hepatocytes with glucose or glucose and pyruvate as carbon sources, about 75% of the cellular citrate was found in the cytoplasm (Table 4) . Like total cellular citrate concentration, the cytoplasmic level was drastically decreased by glucagon or Bt2cAMP with glucose as primary carbon source. When pyruvate was present, however, the effects of these agents were prevented.
Previous work (16, (10) (11) (12) (13) established that tricarboxylic acid activator is an absolute requirement for catalysis by avian liver acetyl-CoA carboxylase. Taken in conjunction with this earlier evidence, the present investigation provides compelling evidence that cytoplasmic citrate is a required activator of fatty acid synthesis from acetyl-CoA in the intact liver cell. Thus, citrate serves dual functions in the cytoplasm, both as the precursor of fatty acids and cholesterol and as feed-forward activator of acetyl-CoA carboxylase (see Fig. 3 ). Importantly, cAMP, a pleiotropic effector of reserve fuel mobilization and storage, appears to regulate fatty acid synthesis in the liver cell by modulating cytoplasmic citrate levels. As yet, the specific site at which cAMP acts to depress cellular citrate concentration has not been identified. The observation that pyruvate prevents the decrease in citrate concentration caused by Bt2cAMP when glucose is substrate suggests that the block occurs prior to pyruvate in the pathway between glucose and citrate.
